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A b s t r a c t  
The c o l l e c t i o n  e f f i c i e n c y  h a s  been  measured f o r  1 7  s i z e  p a i r s  o f  r e l a t i v e l y  uncharg%d 
d r o p s  i n  o v e r  500 e x p e r i m e n t a l  r u n s  u s i n g  two t e c h n i q u e s .  The r e s u l t s  i n d i c a t e  t h a t  c o l -  
l e c t i o n  e f f i c i e n c i e s  f a l l  i n  a nar row Ynnge o f  0 .60  t o  0 .70  eve;] t hough  t h e  c o l l e c t o r  d r o p  
was v a r i e d  between 63 and 326 urn and t h e  s i z e  r a t i o  f rom O.C5 t o  0.33. I n  a d d i t i o n  t h e  
measured v a l u e s  o f  c o l l e c t i o n  e f f i c i e n c i e s  ( E )  were be low t h e  computed v a l u e s  o f  col1i : lon 
e f f i c i e n c i e s  (E) f o r  r i g i d  s p h e r e s .  T h e r e f o r e  i t  h a s  been  conc luded  t h a t  rebound was Oc- 
c u r r i n g  f o r  t h e s e  s i z e s  s i n c e  i n f e r r e d  c o a l e s c e n c e  ( c  - F / E )  e f f i c i e n c i e s  sir!= a b o a t  0 .6  t o  
0 .8 .  A t  a  ve ry  -mall s i z e  r a t i o  ( r /R = p  = 0 . 0 5 ,  R = 326 pm) t h e  c o a l e s c e n c e  e f f i c i e n c y  
i n f e r r e d  from o u r  expe r imen t  i s  i n  good agreement  w i t h  t h e  exper1men:al f i n d i n g s  f o r  a sup- 
po19ted c o l l e c t o r  d r o p .  A t  s ~ m e w h a t  l a r g e r  s i z e  r a t i o s  ( 0 . 1 1  ': p  -( 0 . 3 j )  o u r  I n f e r r e d  v a l u e s  
o f  E a r e  w e l l  above  r e s u l t s  or' suppor l ted  d r o p  e x p e r i m e n t s ,  b u t  show a s l i g h t  c o r r e s p o n d e n c e  
i n  c o l l e c t e d  d r o p  s i z e  dependency t o  two mcdels  o f  d r o p  r ebound .  A t  a l a r g e  S i z e  r a t i o  ( p  = 
0.73 ,  R = 275)  o u r  i n f e r r e d  c o a l e s c e n c e  e f f i c i e n c y  i s  s i g n 1 f i : a n t l y  d i f f e - e n t  t h a n  a l l  
p r e v i o u s  r e s u l t s .  
E x p e r i m e n t a l  s t u d y  on c l o u d  d r o p s  
An expe r imen t  h a s  been d e v e l o p e d 1  t o  i n v e s t i g a t e  t h e  p o s s i t i l i t y  o f  r e b o u ~ d  f o r  c o l l i d i ~ g  
c loud  d r o p s  a s  p o s t u l a t e d  by Levin  e t  a 1 . '  The c o l l e c t i o n  e f f i c i e n c y  i s  b e i n g  d e t e r m i n e d  
f r o n  t h e  amount of  t r a c e r  c a p t u r e d  6j7 c s t r e a m  o f  w i d e l y  s e p a r s t e d  d r o p s  f a l l i n g  a t  t e r m i n a l  
v e l d c i t y  t h r o u g h  a  monodisperse  c l o u d  o f  c h e m i c a l l y  t a g g e d  d r o p l e t s .  
Des ign  end p r o c e d u r e  
The c u r r e n t  e x p e r i m e n t a l  s e t u p  i s  shown i n  ' i g u r e  1. The c l o u d  i s  produced  by a 
v i b r a t i n e  o r i f i c e  d e v i c e  (TSI  Model 3 0 5 0 ) .  With c a r e f u l  a d j u s t m e n t  o f  t h e  t r a n s b u c e r  f r e -  
quency ,  t h e  l i q u i d  j e t  i s  d i s r u p t e d  i n t o  a  s t r e a m  o f  u r~ i fo r rn  s i z e  d r o p ?  which i s  f r e e  " 3  
s m a l l e r  s a t e l l i t e s  and a l s o  l a r g e r  m u l t i p l e t s .  Recombina t i cn  o f  t h e  d r o p s  i s  g r e a t l y  r e -  
duced  by d i s p e r s i o n  i n  an a x i a l  j e t  o f  t u r b u l e n t  a t r  and  by ~ u b s e q u e n t  c i i l u t i o n .  Both a i r  
s t r e a m s  a r e  s a t u r a t e d  s l l g h t i y  above  room t empera t t i r e  t o  p r e v e n t  e v a p o r a t i o n .  The t?:i:er 
s o l u t i o n  o f  l i t h i u m  s u l f a t e  ( 0 . 1 %  ~1')  i s  f e d  t o  t h e  clouci r r o p l e t  g e n e r a t o r  from t h e  s o l u -  
t i o n  r e s e r v o i r  unde r  p r e s s u r e .  The amount o f  t r a c e r  i s  a p p a r e n t l y  much l e s s  t h a n  h a s  been  
u sed  i n  p r e v i o u s  c o l l e c t i o n  s t u d i e s ' ~ '  2nd h a s  a  n e g l i g i b l e  e f f e c t  i n  t h e  p h y s i c a l  p rope r -  
t i e s  o f  t h e  c l o u d  w a t e r  ( e . g . ,  s u r f a c e  t e n s i s n ) .   he r e f e r e n p e  p r e s s u r e  i s  a d j u s t a b l e  and 
r e m a i n s  e s s e n t i a l l y  c o n s t a n t  by v l r t u e  o f  a i a r g e ,  n i t r o g e n  r s e r v o i r .  An e l e c t r i c a l l y  
n e u t r a l  c l o u d  i s  a c h i e v e d  w i t h  a n  i o n  d i s c h a r g e  d e v i c e  (TSI  3 c j 4 ) .  The c l o u d  i s  c o n t i n u -  
o u s l y  g e n e r a t e d  d u r i n g  t h e  expe r imen t  and  f l ows  a t  11 Cpa t h r o u g h  a c l o u d  chamber 1 . 3  m 
l o n g  and 10 .6  cm i n  dl.arrf . e r .  
Sampl ing  o o r t s  a r e  l o c a t e d  i n  t h e  chsmber t o  p e r m i t  t h e  i n s e r t i o n  o f  s l i d e s  c o a t e d  w i t h  
a dye  a n d  g e l a t L n  m i x t u r e  f o r  a n  e v a l u s t i o n  o f  t h e  d r o p l e t  ~ 1 7 ~ s .  The s t a i n  produced  by 
t h e  d r o p l e t s  was c a l i b r a t e d  by u s i n g  t h e  d i r e c t  o u t p u t  o f  t h e  d r o p l e t  g e n e r a t o r ,  and  wa: 
found t o  be  c o n s i s t e n t  wi ,h  t h e  r e s u l t s  o f  a  s i m i l a r  method used  by L l d d e l l  atid Wootten . 
F o r  r. *.laical expe r imen t  t h e  d r o p l e t s  i n  t h e  c l o u d  chamber were  found t o  b e  composed of  ove r  
98% singlets. A t y p i c a l  s t a n d a r d  d e v i a t i o n  f o r  t h e  s i n g l e t  d i s t r i b u t i o ?  was 1 . 5 % .  The drop-  
l e t  c o n c e n t r a t i o n  was measured from p h o t o g r a p h s  t a k e n  w i t h  a  s t r o b e  and 35 mm camera .  The 
I l l u m i n a t i o n  was a r r a n g e d  i n  a  v e r t i c a l  r l a n e  o f  we12 d e f i n e d  t h i c k n e s s  by  two c y l i ~ d r i c e l  
l e n s e s  and  two s l i t s .  Typ ica?  c o n c e n t r a t i o n s  va ry  be tween 1 and 75 cp-3 depend ing  on t h e  
s i z e  o f  d r o p l e t  b e i n g  used  3 1 t h  t h e  s m a l l e r  d r o p l e t s  y i e l d i n g  a  h i g h e r  c o n c e n t r a t i o n .  
An o r i f i c e  d e v i c e  was a l s o  used  t o  ~ r o d u c e  t h e  c o l l e c t o r  d r o p s ' .  J r o p a  w i t h  a  wide  
v e r t i c a l  s p a c i n g  ( s e v e r a l  c e n t i m e t e r s )  were  s e p a r a t e d  from t h e  main s t r e a m  w i t h  a n  C l r c -  
t r o n i c a l l y  c o t l t r o l l e d  c h a r g i n g  r i n g  and  h i g h  v o l t a g e  d e f l e c t i o r l  p l a t e s .  The d rop8  were  
a l l owed  t o  r e a c h  t e r m i n a l  v e l o c i t y  t i e f o r e  e n t e r i n g  t h e  t o p  o f  t h e  c l o u d  chamber.  The 
v e r t i c a l  s p a c i n g  was de t e rmined  from t h e  t e r m i n a l  v e l o c i t y  and  t h e  p r o d u c t i o n  r a t e .  The 
c h a r g e  on t h e  c o l l e c t o r  d r o p s  was d e t e r m i n e d  w i t h  a i a b o r a t o r '  b u i l t  a l e c t r o z e t e r .  The 
c h a f g e  on i n d i v i d u a l  d r o p s  was measured w i t h  a n  o s c i l l o s c o p e  a s e n s i t i v i t y  o f  a b o u t  
10' Coulombs p e r  d r o p .  
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F i ~ u r e  1. Diagram o f  e x p e r i m e n t a l  s e t u p  used  Figu-e 2 .  C o l l e c t i o n  e f f i c i e n c y  a s  a  
t o  mensure t h e  c o l l e c t i o n  e f f i c i e n c i e s  o f  f u n c t i o n  o f  R-drop s e p a r a t i o n  f o a  R = 
c l o u d  d r o p s .  95  pm and r = 19  pm. 
Dur ing  a n  e x p e r i m e n t a l  r u n  t h e  d r o p s  were  c o l l e c t e d  be,.:.ath t h e  c loud  chsmber i n  a  
po lyp ropy lene  , j a r  f o r  a known per1c . l  and :overed f o r  l a t e r  a n a l y s i s .  A f t e r  chemical  a n a l -  
y s i s  t h e  c o l l e c t i o n  e f f i c i e n c y  was d e t e r m i n e d  from e x p e r i m e n t a l  p a r a m e t e r s  u s l n g  t h e  f o l -  
l owing  e q u a t i o n :  
where M i s  t h e  amount o f  l l t h i u :  measured f o r  a n  exper i rner . t&l  r u n  a ~ d  t h e  t e rm i n  b r a c k e t 2  
i s  t h e  amount o f  l i t h i u m  e x p e c t e d  from c a p i u r e  o f  a l l  c l g u d  d r o p l e t s  i n  t t a  geome t r i c  p a t h  
o f  t h e  c c l l e c t o r  d r o g s  ( i . e . ,  u n i t y  c o l l e c t i o n  e f f l c1e l i : y ) .  The t e rm n ~ 2 ( l + p ) 2  i s  t h e  geo- 
m e t r i c  c r o s s  s e c t l u n  f o r  t h e  d r o p - d r o p l e t  i n t e r a c t i o n .  ? l u l t i p l i c a t i o c  o f  t h i r  c r o s s  s e c -  
t i o n  by t h e  r e l a t i v e  t e r m i n a l  v e l o c i t y  (AYj ~ n d  t h e  nuebe r  c o n c e n t r a t i o n  o f  d r o p l e t s  ( n )  
i b e s u l t s  i n  t h e  number o f  clo1;d d r o p l e t s  e n c o u n t e r e d  ~ c o m e t r i c a l l y  p e r  u n i t  t ime  by a  s i n g l e  
c o l l e c t o r  d rop .  F u r t h e r  m u l t l p l i c a t i o n  by t h e  mass o f  one c loud  d r o p l e t  (m) and mass 
f r a c t l o n  o f  l i t h i u m  i n  one - l oud  d r o p l e t  (X) r e s u l t 3  i n  t h e  arncur.t o f  l i t h lu t r .  e n c o u n t e r e d  
g e o m e t r i c a l l y  ? e r  u n i t  t ime  by a  s l ~ o - . .  c o l l e c t o r  d r o p .  F i n a l l y ,  t h e  l i t h i u m  e n c o u n t e r e d  
by a l l  c o l l e c t o r  d r o p s  i s  fount; from mu ' . t i ] ) i i c a t i o r i  oy t h e  i n ? e r a c t i o ?  t i m e  f o r  one c o l -  
l e c t o r  d r o p  ( t )  and t h e  t 3 t a l  number of  : o !~L~~c to r  d r o p s  f o r  one e x p e r i m e n t a l  Isun (N). 
%he number o f  c o l l e c ~ o r  d r o p s  ( N )  was c a i c u l a t o d  from t h e  d r o p  g e n e r a t i o n  r a t e  and  t h e  
e x p e r i m e n t a l  t i n ~ e .  The amount o f  :?thium f o r  e a ~ h  r u n  (M) was de t e rmined  by a l , x n i c  abso rp -  
t i o n  a n a l y s i s .  The s i ; e  o f  t h e  c o l l e c t o r  d r o p  .fi) and c l o u d  d r o p l e t s  ( r )  was dsed  t o  ob- 
t a i n  t h e  s i z e  r: t i o  ( p )  , sr d & h e  r e l a c l u e  terrnir a! v e l ~ c i t y  (AV) usin,: t h e  e q u a t i o n s  i n  
~ e a r d ' .  The c loud  . , r o p l e t  co r l cen t r a t i o r .  ( n )  was d e t e r m i n e d  p h o t o g r a p n i c a l l y  by t!-e method 
d i s c u s s e d  above.  Tne i n i t l a 1  d r o p l e t  s i z e  was use0 t o  d e t e r m i n e  d r o p l e t  mass (mj, wher rc s  
t h e  i n i t i a l  l i t h i u m  was f i x e d  by t h e  c o n c ~ : ~ t r ~ ~ i ~ n  o ?  t h e  t r a c e r  i n  t h e  c l o u d  w a t e r  s o l u -  
t i o n  ( X  = 0 . 0 0 1 ) .  The i n t e r a c t i o n  cime ( t l  waa de t e rmrned  !'-om r h e  f a l l  speed  o f  t h e  c o l -  
l e c t o r  d r o p ,  t h e  downward a i r  ve l cc i ' i y  i n  t h e  ::!.oud c h ~ z ? t a r  a:ld t h e   loud chamber h e l e n t .  
Accura t e  knowledge o f  t h e  a i r  v e l o c i t y  was u t lne i ? s sa ry  t e sa ; ?e  i t s  magni tude  was 54% o f  
c o l l e c t o r  d r o p  v e l o c i t y .  
E r r o r  a r ~ a l y s i s  
The most obv ious  p o t e n t i a l  s o u r c e  o f  e r r o r  i n  Ln expe r in l e r t  of t h i s  t y p e  i s  ch?mical  
c o n t a m i n a t i o n .  Beyond c h e c k i n g  f o r  i n c o n s i s t e n t  o r  u,irepPhtat,.* ~ a t 3  s e v e r a l  p r e c a u t i o r s  
and  t c s t s  were made t o  a q s e s s  and e l l m l n a t t  t h i s  oroblem.  Ne* p o l y p r o p y l e n e  j a r s  w i t h  
p l a s t i c  l i d s  were a lways  used  f o r  sample  a c q u l s i t l c n .  Dur inp  che c o u r r c  o f  a i  exper1rner.t 
s a v e r a l  unopened : a r t  were i n c l u d e d  f o r  c h e n l c n l  a n a l y s i s .  Also  e x ~ e r ; . n e n t a ;  run8  were 
made w i t h o u t  any c o l l e c t o r  d r o p s  f a l l i n g  t h r o u g h  'he s y s t r m  t o  test, f o r  c loud  E r o p l e t  crr1,- 
:aminat ion  i n  t h e  j a r s .  The J a r s  i n  t h e s e  r u n s  were hand led  iden t : . c a l l y  t o  the J a r e  w i t h  
c o l l e c t o r  d r o p r .  Chemis t s ,  t r a i n e d  i n  m i c r o a n a l y s i s ,  per formed t h t  a tomic  a b s o r p t i o n  
measurements n e c e s s a r y  d e t e r m i n e  xhe atcount o f  LI+ i n  ea?h  sample .  Our tests have  shown 
t h a t  t o t a l  e r r o r s  from chemica l  c c n t a m l n a t i o n  2nd a n a l y s i s  a r e  l e s s  t h a n  31. 
Since e l e c t r i c  charge on both t h e  c o l l e c t c r  and co l l ec t ed  drops can a l t e r  both t h e  
c o l l i s i o n  and coalescence e f f l c i e n c i e s ,  we have been c a r e f u l  t o  minimize charge e f f e c t s .  
The cloud d rop le t s  were passed through a charge n e u t r a l i z e r  (TSI) designed t o  achieve a 
Boltzmann charge d i s t r i b u t i o n  a t  much h igher  flows than used i n  our  experim n t .  We have 8 computed t h a t  t h e  mean magnitude of charge on a cloud d rop le t  Is < 2 x 10-1 C. Our 
method o f  charge minimizaeion f o r  t h e  c o l l e c t o r  drop leads t o  a charge magnitude < 3 x 
10-16 C. Considering t h e  extremely small  charge on t h e  cloud d r o p l e t s  only induced charge 
e i f e c t s  a r e  of posaible  s ign i f i cance  i n  oyr experiment. The s t ronge r  inf luence  o f  opposite- 
l y  charged p o p s  of  a  magnitude of  1 10-14 C is necessary t o  s i g n i f i c a n t l y  a f f e c t  
coalescence . 
The f i n a l  and possibly most s u b t l e  source of  experimental e r r o r  is  a  deple t ion  e f f e c t .  
Since one c o l l e c t o r  drop follows t h e  next through t h e  cen t e r  of t h e  cloud column, t h e r e  is  
the  p s t e n t i a l  f o r  deple t ion  of  t h e  cloud d rop le t  concentrat ion by t h e  stream of  c o l l e c t o r  
drcps. In  t h c  i l t a  ana lys i s  t h i s  e f f e c t  would be r e f l e c t e d  a s  an anomalously low col- 
lee*  lon e f f i c :  ;-$:y. Figure 2  shows t h e  deple t ion  e f f e c t  f o r  19 um cloud d rop le t s  and 95 um 
col,  : tor dm,? A l l  d a t a  were taken a t  a  s u f f i c i e n t  c o l l e c t o r  drop separa t ion  t o  ellmi- 
na t c  t h e  deple t ion  shown i n  Figure 2. 
The measured co l l ec t i on  ~ p f i c i e n c i e s  a r e  shown i n  Figure 3  a s  a  funct ion of cloud drop- 
let s i z e .  Also shown f o r  comparison a r e  experimental and t h e o r e t i c a l  f ind ings  a t  comparable 
c o l l e c t o r  drop s i ze s .  Our 1980 measurements (c losed  t r i a n g l e s )  were extended t o  a  wider 
range of  drople t  s i z e s  i n  1981 (closed c i r c l e s l .  Although charge con t ro l  was improved i n  
1981 t h e r e  i s  no apparent systematic  d i f f e r ence  between '80 and '81 da ta .  Each d a t a  poin t  
has an uncertainty of about * l o % .  I n  every ins tance  our  measured c o l l e c t i o n  e f f i c i ency  
l i e s  below t h e  t heo re t i ca l  c o l l i s i o n  e f f i c i e n c i e s ,  whereas o the r  work a t  s a a l l e r  d rop le t  
s i z e s  i s  more comparable t o  t h e  computed e f f i c i e n c i e s .  There i s  a tendency evident i n  our  
r e s u l t s  of  a  convelrgence with t h e o r e t i c a l  e f f i c i e n c i e s  a t  smal le r  d rop le t  s i z e s .  No ap- 
parent  t rend  i n  t he  experimental d a t a  wi th  c o l l e c t o r  drop s i z e  can be deduced, perhaps 
because of experimental s c a t t e r .  The t h e o r e t i c a l  e f f i c i e n c i e s ,  however, a l s o  a r e  r a t h e r  
i n s e n s i t i v e  t o  c o l l e c t o r  drop s i z e  i n  t h e  i nves t iga t ed  range. 
Coalescence e f f i c i e n c i e s  ca lcu la ted  from our experimental d a t a  on c o l l e c t i o n  e f f i c i e n c i e s  
and t h e o r e t i c a l  c o l l i s i o n  e f f i c i e n c i e s  a r e  shown i n  Figure 4. I n  add i t i on  t o  our  experi-  
mental e r r o r  of about + l o %  t h e r e  i s  an uncer ta in ty  i n  E from t h e  use of computed c o l l i s i o n -  
e f f i c i e n c i e s .  For ins tance ,  our values of  E would increase  by about 15% with t h e  use of  
de ~ l m e i d a ~ s '  col l isLon e f f i c i e n c i e s .  
Some correspondence i s  found between our  r e s u l t s  and coalescence theo r i e s .  For example, 
our  da t a  l i e  somewhat above t h e  geometric coalescence f a c t o r  ( E  = (l+p)-2) of  Whelpdale and 
~ 1 s t " .  O n  the  o ther  hand, our d a t a  f a l l s  somewhat below one of  t h e  s eve ra l  models of  Arbel 
and Levin" ( t h e i r  Table 4). Their o t h e r  r e s u l t s  do not  correspond a s  well .  Our r e s u l t s  
a l l  l i e  above t h e  empir ical  formula of Levin and Machnes12 based on an ex t rapola t ion  of  
t h e i r  f indings f o r  l a r g e r  c o l l e c t o r  drops.  
The ex eriments were cond c ted  a t  two l e v e l s  of charge. I n  1980 t h e  charge was maintain- f ed t o  10-f5 5 lQR-Qr l  1 10-1 Coulombs whereas i n  1961 t h e  charge xas  lowered t o  about 3  x 
10-16 Coulombs f o r  a l l  da t a .  No systematic  d i f f e r ences  were found i n  t h e  da t a  o b t a h e d  a t  
these  two charge l eve l s .  Thus, c?arges of these  magnitudes, which a r e  found i n  weakly o r  
moderately e l e c t r i f i e d  clouds, apparent ly a r e  t oo  weak t o  s i g n i f i c a n t l y  enhance coalescence. 
It the re fo re  follows t h a t  t he  experiment should be extended t o  h igher  l e v e l s  of  charge t o  
determine the magnitude needed t o  suppress t he  rebounding of  a l l i n g  drops. In  add i t i on ,  
t he  amount of  charge t r ans fe r r ed  by rebound i n  t h e  range 10-16 i - 5 10-13 Coulombs 
should a l s o  be measured t o  help determine t h e  v i a b i l i t y  of  t h e  induct ion  mechanism f o r  
cloud e l e c t r i f i c a t i o n .  
Conc lusions 
Collect ion e f f i c i e n c i e s  were measured f o r  15 p a i r s  of  drop s i z e s  i n  t h e  range of  
63 ,< R 2 98 urn and 11 < r < 26 ur. The r e s u l t i n g  e f f i c i e n c i e s  were a l l  i n  t h e  60-70s range,  
most l y ing  s i g n i f i c a n t l y  below t h e  computed hydrodynamic c o l l i s i o n  e f f i c i e n c i e s .  The 
physical  b a s i s  of  a  nearly constant  co l l ec t i on  e f f i c i ency  i n  t h i s  ran  e  may be due t o  a 
c r i t i c a l  contact  angle f o r  rebound '' o r  geometric coalescence f a c t o r f 0  with hydrodynamic 
e f f e c t s ,  i f  any, masked by experimental s c a t t e r .  
The in fe r r ed  coalescence e f f i c i e n c i e s  of 63-83s were only somewhat cons is ten t  with t h e  
c ~ a l e s c e n c e  modsls of Whelpdale and Lis t"  and of Arbel and ~ e v l n " .  Both our  empir ical  
r e s u l t s  and t h e  nodels show a  decrease i n  E with increas ing  d rop le t  s i z e .  I n  con t r a s t  t o  
t h e  models, however, no systematic  change i n  e f f i c i ency  was found a s  a  funct ion of c o l l e c t o r  
drop  s i z e .  Even t h e  q u a l i t a t i v e  agreement i n  r-drop dependency could b e  f o r t u i t o u s  s i n c e  
o u r  measurements at o t h e r  s i z e  r a t i o s  ( r e p o r t e d  i n  t h e  f o l l o w i n g  s e c t i o n s )  show no c o r r e -  
pondence with t h e  models. 
F igure  3. C o l l e c t i o n  e f f i c i e n c y  as a f u n c t i o n  F igure  4. Coalescence e f f l c l e n c y  a s  a 
o f  r-drop r a d i u s .  f u n c t i o n  o f  r -drop r a d i u s .  
Exper imental  s t u d y  on a c c r e t i o n  
A s l i g h t  mod:fication was made t o  t h e  appara tus  d e s c r i b e d  i n  t h e  p rev ious  s e c t i o n  t o  
permit t h e  &eneration o f  c o l l e c t o r  d rops  of p r e c i p i t a t i o n  s i z e  f o r  a  s t u d y  o f  t h e  c o l l e c t i o n  
of much s m a l l e r  c loud d rops .  The l a r g e  c a p a c i t y  water  f eed  system and t h e  g e n e r a t o r  con- 
t r o l s  ( d e s c r i b e d  i n  t h e  nex t  s e c t i o n )  were connected t o  t h e  c loud d rop  exper iment .  Other 
a s p e c t s  o f  t h e  exper imenta l  a r r a n s m e n t  remained unchanged. 
The w a t e r  f eed  r a t e  and t h e  g e n e r a t i o n  f requency were s e l e c t e d  s o  t h a t  326 pm c o l l e c t o r  
d rops  reached w i t h i n  1% of t e r m i n a l  v e l o c i t y  b e f o r e  e n t r y  i n t o  t h e  c loud chamber. A drop 
charge of < 2 x 10-15 Coulombs was mainta ined w i t h  t h e  t echn ique  d e s c r i b e d  i n  t h e  p rev ious  
s e c t i o n .  4 n ~ l l e c t i o n  e f f i c i e n c y  o f  0.59 ? 10% was measured f o r  a c c r e t i o n  w i t h  17 pm cloud 
d r o p l e t s  ( p  a 0.05) from 12  exper imenta l  r u n s  a t  2 d i f f e r 3 n t  v e r t i c a l  s e p a r a t i o n s  (32  and 
64 cm). A coal-escence e f f i c i e n c y  o f  r = 0.63 h a s  been i n f e r r e d  from a c o l l i s i o n  e f f i c i e n c y  
o f  E = 0.94 baaed on computations f o r  small s i z e  r a t i o s 1 3 .  Our r e s u l t  i s  n e a r l y  t h e  same 
as Levin and ~ s c h n e s "  (E. = 0.61) even though t h e i r  e m p i r i c a l  formula  i s  a  f i t  t o  a pure  
coa lescence  s t u a y  ( i . e . ,  t h e  " c o l l e c t o r "  d rop  was s u p p o r t e d ) .  We may have reached a s m a l l  
enough s i z e  r a t i o  where t h e  c o l l i s i o n  and coa lescence  mechanisms a r e  r e l a t i v e l y  uncoupled. 
T h i s  Important  f i n d i n g  s u g g e s t s  t h a t  f o r  a c c r e t i o n  t h e  c o l l e c t i o n  e f f i c i e n c y  may be ca l -  
c u l a t e d  from computed c o l l i s i o n  e f f i c i e c c i e s  where E s l and e m p i r i c a l  coa lescence  s t u d i e s  
where c s C.6, t h a t  i s  E 0.6. A few more measurements a r e  d e s i r a b l e  t o  v e r i f y  t h i s  
hypo thes i s  f o r  the a c c r e t i o n  p rocess  a t  o t h e r  s i z e s  and s i z e  r a t i c s .  
Experiment&' s t u d y  on p r e c i p l t a t l o n  d rops  
A s t u d y  o f  t h e  a o l l e c t i o n  e f f i c i e n c y  o f  small p r e c i p i t a t i o n  drops  has  been i n i t i a t e d " .  
The e x p e r i m r ~ t  i s  designed s o  t h a t  t h e  d rops  i n t e r a c t  i n i t i a l l y  a t  t e rmina l  v e l o c i t y  and t h e  
c l o s u r e  v e l o c i t y  and impact a n g l e  a r e  determined by t h e  n a t u r a l  system. Th is  a  roach c i r -  
cumvents t h e  J l f f f c u l t j ,  o f  t r y i n g  t o  combine t h e  r e s u l t s  o f  coa lescence  s t u d i e s P P *  ' * "  with 
c o l l l s i ~ n  theory .  
Design and procedure 
An apparatus has been designed and constructed t o  measurb t h e  c o l l e c t i o n  e f f i c i e n c y  o f  
small p r e c i p i t a t i o n  drops with s i z e  r a t i o s  0.6 ( p $ 1. I n  t h e  fol lowing paragraphs, t h i s  
system w i l l  be described. The present  system can r e a d i l y  be used t o  measure c o l l e c t i o n  
e f f i c i e n c i e s  f o r  drops R < 400 um with p > 0.6. 
Drops a r e  produced byeperturbing a l i q u i d  jet us ing  a method f i r s t  demonstrated by 
~ay le igh" .  Adam e t  a l .  described a technique f o r  producing unequal s i zed  drop p a l m  from 
a s i n g l e  jet. A s i nuso lda l  vol tage i s  appl ied  t o  6 p i ezeoe l ec t r i c  t ransducer  which induces 
cap i l l a ry  wave8 on t h e  j e t  r e s u l t i n g  i n  uniform drop production. The e x c i t a t i o n  frequency 
is pe r iod i ca l ly  switched between two va lues  t o  produce drops o r  one s i z e  followed by drops 
of another  s i z e .  The drops can be charged and de f l ec t ed  between high vol tage  e l ec t rodes .  
When pulses  o f  cont ro l led  width and vol tage  a r e  superimposed on the  charging vol tage  then  
se l ec t ed  drops from e i t h e r  group o f  drops can be generated wi th  a neg l ig ib l e  charge. A s  
. t h e  main s tream i s  def lec ted  between t h e  high vol tage  e l ec t rodes  t h e  uncharged drops f a l l  
as r e p e t i t i v e  drop p a i r s .  
Severa l  d e s i w  changes, some of  which a r e  i nd i ca t ed  i n  Figure 5, have been made t o  
improve t h e  system of  Adam et  a l .  F i r s t  TTL d i g i t a l  l o g i c  has been adopted f o r  t h e  
roajority o f  t h e  e l e c t r o n i c  cont ro ls .  By us ing  a 10 MHz c r y s t a l  con t ro l l ed  o s c i l l a t o r ,  good 
frequency con t ro l  and long term s t a b i l i t y  i s  achieved. D i g i t a l  counters  a r e  used t o  d iv ide  
t h e  clock frequency by i n t e g e r  numbers s e l ec t ed  by thumbwheel switches i nd i ca t ed  by A and B 
i n  Figure 5. Thus, square waves of  varylng frequencies  can be generated,  and then amplif ied 
t o  d r ive  t h e  t ransducer .  
The in t ege r s  NA and NB a r e  a l s o  s e l ec t ed  by thumbwheel switches.  These i n t ege r s  con t ro l  
t h e  number o f  cycles  of  frequency A *  and B* (corresponding t o  t h e  i n t ege r s  A and B )  between 
changes i n  frequency. Thus, a f t e r  NA cyc les  of  frequency A*, Ng cycles  of frequency B* a r e  
generated and t h e  sequence i s  repeated.  A r o t a ry  switch (not  shown) i s  used t o  s e l e c t  
e i t h e r  frequency A* and B* o r  a l t e r n a t i v e  packets  of  A* and B*. 
The f l i p - f lop  c i r c u i t  used t o  switch t h e  two d a t a  s e l e c t o r s  a l s o  t r i g g e r s  t h e  four  
ind ica ted  time delays. These delays con t ro l  t h e  timing of  t h e  pulses  t h a t  a r e  used t o  
generate  t h e  uncharged drops and t r i g g e r  t he  s t r o b e  and camera. E lec t ronic  con t ro l s  not 
shown I n  Figure 5 al low t h e  camera t o  be tr!.ggered before  t h e  s t robe  so  t h a t  t h e  s t robe  
f l a s h  occurs a t  t h e  i n s t a n t  when the  s h u t t e r  has f u l l y  opened. 
Figure 5. Diagram of  drop generator  and con t ro l  
c i r c u i t s  For experiment t o  measure c o l l e c t i o n  
e f f i c i e n c i e s  o f  small p r e c i p i t a t i o n  drops. 
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Figure 6.  Experimental apparatus f o r  
t h e  p r e c i p i t a t i o n  drop experiment. 
T h i f  drop generating system has several advantages over t h e  system described i n  Adam 
e t  a l .  The use o f  2 square wave t o  dr ive  t h e  transducer appears t o  have improved t h e  
--
system performance. Troublesome s a t e l l i t e  drops are almost never formed i n  the  s table  Ere- 
quency range. This may r e s u l t  from sharper edges on t h e  perturbation imposed on the  l i qu id  
j e t .  The s i z e  r a t i o  obtained can be extended using a lower harmonic during jet  breakup. 
However, the  use o f  higher mu l t ip l e t s  i s  r e s t r i c t ed  t o  < 100 um radius because larger drops 
tend t o  break apart when pulsed out .  Thus, t h e  s i n  l e t  range o f  0.6 < p 5 1 m i g h t  be ex- 
tendable down t o  p 1. 0.5 when t h e  small drops are 5 %O vm radius.  
The drop generator i s  mounted on a platform t h a t  can be adjusted t o  about 150 from 
l eve l  so tha t  t h e  water jet  can readi ly  be directed v e r t i c a l l y  downward (Figure 6 ) .  The 
platform i s  located on top  o f  a small plexiglas enclosure t h a t  can be rotated t o  a l ign  drop 
pairs parallel t o  the  f i l m  plane. The experiment occurs i n  a 100 cm t a l l  plexiglas chamber 
w i th  a square cross sec t ion  o f  100 cm2. The drops f a l l  through t h i s  chamber and c o l l i d e  i n  
a saturated environment a t  room temperature a f t e r  they  have each attained t h e i r  terminal 
v e l o c i t i e s .  Data on drop t r a j e c t o r i e s  i s  obtained photographically. 
A t  the  onset o f  an experiment the  repe t i t i on  r a t e  can be se t  high enough such that  t h e  
drops appear statiotiary under stroboscopic l i g h t .  Individual small and large drops can be 
pulsed out o f  t he  stream and adjusted t o  f a l l  v e r t i c a l l y  between high voltage e lec trodes .  
A t  t h i s  point t h e  drop stream may appear as shown i n  F i ~ u ~ e  7 ,  however, i n  practice a much 
larger  i n i t i a l  separation i s  chosen so tha t  both drops w i l l  achil?ve. terminal v e l o c i t y  be fore  
they  approach each other.  Since both the  large and small drops are generated from the  same 
stream it i s  impossible t o  produce both s i ze s  at t h e i r  terminal v e l o c i t i e s .  
The drop pairs must be separated i n  t ime so that  each event i s  unaf fec ted  by t h e  
preceding one. Greater time separation i s  achieved b y  simply adding more t r a i l i n g  large 
drops t o  the  drop cyc le .  Since t h e  delay f o r  t h e  pulses i s  always measured from the  point 
a t  which the f i r s t  small drop i s  produced, these delays are unaf fec ted  b y  t h e  addit ion o f  
t r a i l i n g  large drops and the  drop pairs can be made arb i t rar i l y  far  apart.  As more large 
drops are added the pulses must be s l i g h t l y  readjusted s ince  aerodynamic factors have 
changed. This  i s  done b y  viewing the  position o f  s treaks produced b y  t h e  drops as they 
pass t h e  incandescent l i g h t .  As a practical matter drop events  are usually separated by 
about 0.5 s .  A f t e r  the  events  have been adequately separated minor readjustments are made 
t o  enhance the  probability o f  an in t e rac t ion  
Two polyethylene l ined 55 gallon drums par t ia l ly  r i l l e d  wi th  d i s t i l l e d  water are used as 
a water feed system for  the  drop generator. Pressure i s  supplied from bot t led  ni trogen.  
Because o f  t h e  large water surface the  flow remains e s sen t ia l l y  constant for  several hours. 
The water reservoirs  and experimental chamber are each on an i s o l a t i o n  platform t o  reduce 
in ter ference  from building v ibrat ions .  These platforms consist  o f  massive s t e e l  plates 
suspended pneumatically above an acoustic  absorber. 
Streak and strobe photographs are obtained near the  top  o f  t h e  100 cm column. The streaks 
arecreatcdby  an incandescent lamp located 300 above t h e  camera a x i s  and on t h e  opposite 
s ide o f  t he  chamber. The co l l ec t ion  e f f i c i e n c y  i s  determined from the  maximum horizontal  
separation measured f ~ r  coalescence. An observed coalescence that  r e s u l t s  from drops f a l l -  
ing  i n  a 'plane more than about 15 degrees out o f  parallel w i th  t h e  f i l m  plane w i l l  r e s u l t  i n  
a measurement tha t  i s  a t  l e a s t  3% too  low. There fore ,  t h e  platform which supports the  drop 
generator i s  turned t o  a l ign  t h e  plane o f  t h e  f a l l i n g  drops parallel  t o  t h e  camera f i l m  
plane so tha t  t he  streak photograph represents t h e  bes t  possible measure o f  the  horizontal 
separation. A position fqr a second camera a t  right  angles t o  t h e  f i r s t  camera has been 
constructed for an unambiguous measure o f  t h e  horizontal  separation. 
A free running strobe l i g h t  placed about 450 t o  one s ide  o f  t h e  opt ical  ax is  creates 
successive exposures on t h e  f i l m .  Using t h e  frequency o f  t h e  strobe f la shes ,  t he  f a l l  
speed o f  each drop can be computed. Triggered strobe observations are a lso  used t o  v e r i f y  
t h e  ver t i ca l  drop separation a t  t h e  point where the  streaks are recorded. Another camera 
I s  triggered at the point where the  drops come together t o  record t h e  r e s u l t s  ( m i s s ,  
coalescence, rebound, or  possibly breakup) i n  the  form o f  streak photographs. 
Results 
The apparatus just  described has been used t o  measure t h e  co l l ec t ion  and coalescence 
e f f i c i e n c i e s  for  a 275-200 pm drop pair. Two cameras are used t o  obta in  t h e  necessary data. 
The upper camera recorded streak data for  a measure o f  t he  i n i t i a l  horizontal  o f f s e t  o f  t h e  
drops tha t  i s  used t o  determine t h e  maximum separation for  co l l ec t ion  ( i . e . ,  t h e  co l l ec t ion  
e f f i c i e n c y ) .  In  addition mul t ip le  strobe exposures were used t o  v e r i f y  f a l l  speeds. Figure 
8a depic ts  a sample o f  t h e  data taken w i th  t h e  upper camera. The lower camera was used t o  
record streak images o f  t h e  in teract ion  t o  determine whether a co l l ec t ion  evont had occurred. 
Figure 8b shows the character is t ic  signature o f  a coalescence event whereas Figure 8c shows 
J sebound event with an indicat ion  o f  t h e . o s c i l l a t i o n  due t o  deformaticn a t  impact. No 
evidence o f  p a r t i a l  coa lescence  has  been n o t i c e d .  Data from tAe lower camera was a l s o  used 
f t o  e s t i m a t e  t h e  rebound p r o b a b i l i t y  from t h e  f r a c t i o n a l  number o f  rebound e v e n t s  o u t  o f  t h e  
> t o t a l  o f  rebound and coa lescence  e v e n t s .  To o b t a i n  t h e  coa lescence  e f f i c i e n c y  ( o r  proba- 





F igure  7. Stream o f  charged drops  F igure  8. Camera d a t a  showing: ( a )  h o r i z o n t a l  
and one uncharged p a i r  f a l l i n g  s e p a r a t i o n ,  upper camera; ( b j  coa lescence  e v e n t ,  
between h igh  v o l t a g e  p l a t e s .  lower camera; and ( c )  rebound e v e n t ,  lower camera. 
The drop s i z e s  were determined by weighing a t imed sample o f  uniform d r o p l e t s  from t h e  
s t reem.  By knowing t h e  frequency a t  which t h e  drops  were produced, t h e i r  mass could be 
determined.  Th i s  method l e a d s  t o  l e s s  t h a n  a 1% e r r o r  i n  de te rmin ing  t h e  drop r a d i u s .  How- 
: e v e r ,  i t  was no t  p o s s i b l e  t o  s e t  up t h e  experiment i n  p r e c i s e l y  t h e  same nanner  from day t o  
day r e s u l t i n g  i n  a 5% v a r i a t i o n  i n  t h e  r a d i u s  o f  each drop. Both drops  were f a l l i n g  
approximately 3% f a s t e r  t h a n  t h e i r  t e r m i n a l  v e l o c i t i e s  when approached w i t h i n  100 r a d i i  o f  
each othe:', and t h e i r  r e l a t i v e  v e l o c i t y  was ahou t  4% h igh .  
To d a t e ,  we have ob ta ined  and analyzed d a t a  from s e v e r a l  hundred photographed e v e n t s .  
Out o f  56 c o l l i s i o n  even t s  ( e i t h e r  coa lescence  o r  rebound] we have determined t h e  coa les -  
, cence e f f i c i e n c y  t o  be 0.72 * 0.05 and t h e  c o l l e c t i o n  e f f i c i e n c y  t o  b e  0.71 t 0.05. Th i s  
r e s u l t  i s  c o n s i s t e n t  wi th  a n  expected c o l l i s i o n  e f f i c i e n c y  c l o s e  t o  u n i t y .  
Park1' has ob ta ined  t h e  only d a t a  on unsupported d rops  i n  t h e  s i z e  range  used i n  t h i s  
experiment.  H i s  d a t a  %as ob ta ined  by f i r i n g  s t reams  o f  drops  a t  each o t h e r  and not  by u s i n g  
drops  a t  t e r m i n a l  v e l o c i t y .  Our d a t a  p o i n t  l i e s  o u t s i d e  t h e  rebound reg ion  based on h i s  
4a ta .  The coalescence e f f i c i e n c y  o f  Levin and ~ a c h n e s ' ~  f o r  t h i s  s i z e  p a i r  wi th  one drop 
supported i s  only 0.36. They acknowledged t h a t  t h i s  exper imenta l  approach was on ly  an 
a>proximation t o  t h e  c o l l e c t i o n  problem s i n c e  it a r t i f i c i a l l y  d i v i d e s  a ~ ~ c o n t i n u o u s w ~ p r o c e s s  
i n t o  c o l l i s i o n  and coalescence.  The degree  o f  approximat ion i n  such  an experiment can o n l y  
oe  determined by comparison w i t h  d a t a  on c o l l e c t i o n  as o b t a i n e d  i n  o u r  i n i t i a l  exper iment .  
The comparison shows, a t  l e a s t  f o r  smal l  p r e c i p i t a t i o n  d rops  o f  similar s i z e ,  t h a t  such 
approximate coa lescence  s t u d i e s  may r e s u l t  i n  a l a r g e  u n c e r t a i n t y .  
Ac know ledpgnent s 
This  work was supported by t h e  Nation21 Sc ience  Foundation under g r a n t  ATM79-14170. 
References  
-- 1. Beard, K.  V . ,  H .  T. Ochs, and T.  S .  Tung, "A Measurement o f  t h e  E f f i c i e n c y  f o r  
C o l l e c t i o n  between Cloud Drops," J. Atmos. Sc i . ,  Vol. 36, pp. 2479-2483. 1979. 
2. Levin, Z . ,  M. Neiburger,  and L.  Rodriguez, "Experimental  Eva lua t ion  o f  C o l l e c t i o n  
and Coalescence E f f i c i e n c i e s  of Cloud Drops," J.  Atmos. S c i . ,  Vol. 30, pp. 944-946. 1973. s 3. P i c k n e t t ,  R. G . ,  "Co l lec t ion  E f f i c i e n c i e s  f o r  Water Drops i n  A i r , "  J .  A i r  Water 
P o l l u t . ,  Vol. 3, pp. 160-167. 1960. 
ORIE!NAL PACE !S 
OF POOR Q!.JALITy 
4. Woods, J. D . ,  and B. J .  Mason, "Experimental  Determinat ion of C o l l e c t i o n  E f f i c i e n c i e s  
f o r  Small Water Drops i n  Air " u a r t .  J .  Ro . Meteor. Soc. ,  Vol. 90,  pp. 373-~81 .  1964. 
5. L l d d e l l ,  H. F., and N: W%ootten, I1+nd Measurements of  h a t e r  Droplets ,"  
Quar t .  J.  Roy. Meteor. Soc. Vol. 83, pp. 263-266. 1957. 
6. Adam, J. R . ,  R.  ~ a t a k e o ,  and R .  G .  Semonin, "The Produc t ion  o f  Equal and Unequal S i z e  
Drop le t  P a i r s , "  Rev. S c i .  Ins t rum. ,  Vol. 42, pp. 1847-1849. 1971. 
7. Beard, K.  V. ,  "Terminal ~ e i o c i t y  and Shape of Cloud and P r e c i p i t a t i o n  ~ r o p a  A l o f t  ," 
J. Atmos. S c i . ,  Vol. 33, pp. 851-864. 1976. 
ruppacher ,  H .  R . ,  and J. D.  K l e t t ,  Microphysics o f  Clouds and P r e c i p i t a t i o u ,  R e i d e l .  
1978: 
9. de  Almeida, F. C . ,  " C o l l i s i o n  E f f i c i e n c y ,  C o l l i s i o n  Angle and Impact V e l o c i t y  of  
Hydrodynamically I n t e r a c t i n g  Cloud Drops :. A Numerical Study ," J .  Atmos. S c i . ,  Vol. 34, 
DD. 1286-1292. 1977. 
- - 
10. ~ h e l ~ d a l e , . ~ :  M . ,  and R .  L i s t ,  "The Coalescence Process  - Raindrop Growth," J, 
Geophys. Res., Vol. 76, pp. 2836-2856. 1971. 
11. Arbel,  N . ,  and Z .  Levin,  "The Coalescence o f  'dater  Drops I and 11," Pure Appl. 
Oeo h s Vol. '15, pp. 869-914. 1977. 
+' Levin, Z . ,  and B. Machnes, "Experimental  Eva lua t ion  o f  t h e  Coalescence E f f i c i e n c y  
o f  C o l l i d i n g  Water Drops," Pure Appl. Geophys., Vol. 115, pp. 845-867. 1977. 
13. Beard. K.  V . ,  and S. N. G r o - ~ e r .  "Numerical C o l l i s i o n  E f f i c i e n c i e s  f o r  Small  Raindr - -.-- - 
C o l l i d i n g  w i t h  ~ i c r o n  S i z e  p a r t i c l e s , '  J .  Atmos. S c i . ,  Vol. 31, pp. 543-550. 1974. 
14. Ochs, H .  T . ,  fnd K .  V.  Beard, "The C o l l e c t i o n  E f f i c i e n c y  of  S i m i l a r l y  S i z e d  
P r e c i p i t a t i o n  Drops, e c e e d i n ~ s  o f  t h e  Conference on Cloud Physics  and Atmospheric 
E l e c t r i c i t  Issaquah,  Washington. 1978-  
razier-Smith ,  P. r . ,  S.  G. J enn ings ,  and J .  Latharn, "The I n t e r a c t i o n  of  F a l l i n g  9
Water Drops: Coalescecce," E o c .  R .  Soc. Lond., A 326, pp. 393-408. 1972. 
16. Park,  R.  W . ,  Behavior o f  Water Drops C o l l i d i n g i n  Humid Nit rogen.  Ph.D. T h e s i s ,  
Dept. of  Chemical Engineer ing,  U n i v e r s i t y  o f  Wisconsin. 1970. 
17. Raylelgh, Lord, "On t h e  I n s t a b i l i t y  of Jets,  Proc.  Lond. Math. Soc. ,  Vol. 10,  
pp. 4-13. 1878. 
o p s  
